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PREFACE 
One of  t h e  p r i n c i p a l  themes  o f  t h e  Task o n  E n v i r o n m e n t a l  
Q u a l i t y  C o n t r o l  and  Managzment i n  I IASA's  Resources  and Env i ron -  
ment  Area i s  a  c a s e  s t u d y  o f  e u t r o p h i c a t i o n  management f o r  Lake 
B a l a t o n ,  Hungary.  The c a s e  s t u d y  i s  a  c o l l a b o r a t i v e  p r o j e c t  
i n v o l v i n g  h number of s c i e n t i s t s  f rom s e v e r a l  Hunga r i an  i n s t i -  
t u t i o n s  and IIASA. T h i s  p a p e r ,  o r i g i n a l l y  p r e p a r e d  f o r  t h e  
Secocd  ISEM C o n f e r e n c e  o n  t h e  S t a t e - o f - t h e - A r t  i n  E c o l o g i c a l  
M o d e l l i n g  ( L i e g e ,  Belgium, A p r i l ,  1 9 8 0 ) ,  i s  a  f u r t h e r  c o n t r i -  
b u t i o n  t o  t h e  Lake B a l a t o n  c a s e  s t u d y .  The p r i m a r y  o b j e c t i v e  
o f  t h e  work r e p o r t e d  i s  a n  e x a m i n a t i o n  o f  t h e  m a j o r  modes o f  
p h o s p h c r u s  exchafige be tween  t h e  w a t e r  and  s e d i m e n t s  i n  t h e  l a k e .  
The model  u sed  f o r  t h i s  e x a m i n a t i o n  i s  o n e  o f  t h r e e  models  c u r -  
r e n t l y  b e i n g  d e v e l o p e d  f o r  t h e  a n a l y s i s  o f  d a t a  c h a r a c t e r i z i n g  
r e c e n t  v a r i a t i o n s  o f  w a t e r  q u a l i t y  w i t h i n  t h e  l a k e .  R e s u l t s  
a r e  r e p o r t e d  f o r  a  compar i son  o f  t h e  pe r fo rmance  o f  t h e  model 
w i t h  o b s e r v a t i o n s  r e c o r d e d  f o r  1 9 7 7 .  C o r r e s p o n d i n g  r e s u l t s  
u s i n g  one  o f  t h e  o t h e r  two mode l s  a r e  p r e s e n t e d  i n  a n  e a r l i e r  
work ing  p a p e r  (WP-80-88). 
A second p r i n c i p a l  theme o f  t h e  Task  on  Env i ronmen ta l  
Q u a l i t y  C o n t r o l  and Management c o n c e r n s  m e t h o d o l o g i c a l  p roblems 
o f  model ing  p o o r l y - d e f i n e d  e n v i r o n m e n t a l  s y s t e m s ,  i n  which  
a c c o u n t i n g  f o r  t h e  e f f e c t s  o f  u n c e r t a i n t y  i s  o f  key s i g n i -  
f i c a n c e .  T h i s  p a p e r ,  i n  c o n t r i b u t i n g  a l s o  t o  t h i s  second  theme,  
i l l u s t r a t e s  w e l l  t h e  i m p o r t a n t  i n t e r p l a y  be tween  c a s e  s t u d y  
problems and  ~ ~ ~ e t n o d o l o y i c a l  deve lopmen t s .  
The p r i n c i p a l  a im o f  t h e  i n v e s t i g a t i o n  i s  t o  a n a l y z e  t h e  
major  modes o f  phosphorus  exchange  be tween  w a t e r  and s e d i m e n t  
f rom u n c e r t a i n  d a t a  o f  phosphorus  f r a c t i o n s  i n  t h e  w a t e r .  Based 
on  a  p r l o r i  knowledge two r e i a t i v e l y  s i m p l e  modeis  have  been  
p o s t u l a t e d .  S t a t e  v a r i a b l e s  a r e  w i n t e r  and  sumner a l g a e  phos- 
p h o r u s ,  d e t r i t u s  phosphorus  and  o r t h o p h o s p h h t e  phosphorus .  Most 
p a r a m e t e r s  o f  t h e  model  w e r e  e s t i m a t e d  o r  i n f e r r e d  f r o r n d a t a  f rom 
i n d e p e n d e n t  measurements .  S e v e r a l  s e n s i t i v e  p a r a m e t e r s ,  mos t  o f  
them r e l a t e d  t o  t h e  s ed imen t -wa te r  i n t e r a c t i o n  p r o c e s s e s  r e m a i n  
unknown. I n  t h e  f i r s t  model c o p r e c i p i t a t i o n  o f  phosphorus  w i t h  
b i o g e n i c  l i m e ,  sedimentation o f  d e t r i t u s  and  r e i e a s e  o f  o r t h o -  
p h o s p h a t e  f rom t h e  s e d i m e n t  i s  a c c o u n t e d  f o r .  T h i s  model p r e d i c t s  
a  r i s e  i n  o r t h o p h o s p h a t e  a f t e r  t h e  s p r i n g  and  autumn blooms n o t  
o b s e r v e d  i n  t h e  d a t a .  I n  t h e  s econd  model a  mechanism o f  a d s o r p -  
t i o n / d e s o r p t i o n  o f  p h o s p h a t e  t o  t h e  s e d i m e n t  o r  suspended  p a r t i -  
cles  i s  p o s t u l a t e d ,  t o  a c c o u n t  f o r  t h e  r e m a r k a b l e  s t a b i l i t y  o f  
o r t h o p h o s p h a t e  o v e r  t h e  y e a r .  A Monte C a r l o  s i m u l a t i o n  i s  r u n  t o  
f i n d  a r e a s  i n t h e  p a r a m e t e r  s p a c e w h e r e t h e m o d e l  p r o d u c e s  r e s u l t s  
f u l l y  w i t h i n  s p e c i f i e d  b o u n d a r i e s  drawn a round  t h e  d a t a  t o  a c c o u n t  
f o r  t h e  d a t a  u n c e r t a i n t y .  Data  arld f o r c i n g s  f rom 1977 a r e  u sed  
f o r  t h i s  p u r p o s e .  S e v e r a l  p a r a m e t e r  c o m b i n a t i o n s  w e r e  found ,  and 
t h e  r e s u l t s  w e r e  a n a l y z e d  i n  terms o f  t h e  model p r o c e s s e s .  1t i s  
c o n c l u d e d  t h a t  a n  a d s o r p t i o r ~ / d e s o r p t i o n  ~ e c h a n i s m  i s  l i k e l y  t o  
o c c u r ,  b u t  t h a t  v a r i o u s  m o d i f i c a t i o n s  o f  t h e  p o s t u l a t e d  model 
would b e  d e s i r a b l e .  F u r t h e r  a n a l y s i s  u s i n g  1976 d a t a  i s  needed .  
The r e s u l t s  s u g g e s t  t h a t  i t  i s  w o r t h w h i l e  t o  p e r f o r m  a d d i t i o n a l  
f i e l d  expe r imer i t s  w i t h  l a k e  w a t e r  and  s e d i m e n t s  i n  o r d e r  t o  
c o n f i r m  o r  r e j e c t  t h e  s o r p t i o n  h y p o t h e s i s .  
ANALYSIS O F  MODEL AND P A M E T E R  
UNCZRTAIN'I'Y I N  S I M P L E  PHYTOPLANKTON 
MCIDELS FOR LAKE BALATON 
G e r r i i  van S t r a t e n  
Introduction 
System identification and parameter estimation are necessary steps 
preceeding the application of any mathematical model designed for 
management and control. In a typical modelling procedure first a 
model is postulated, usually based on some a priori knowledge about 
the system under study; then, an attempt is made to estimate a 
unique set of parameters by matching model results with available 
data; and, finally the error sequence is examined in order to detect 
structural deficiences of the model. Although this procedure is 
sound in principle, its application to the eutrophication problem 
of lakes is seriously hampered in the majority of practical cases 
for three major reasons: (i) large uncertainty in observation data, 
mostly because of sampling errors and identification errors; (ii) 
uncertainty in forcing functions and input data due to stochastical 
variability in combination with deficient recording; (iii) only 
very incomplete knowledge about biological, chemical and hydrophys- 
ical processes. 
Several of these problems have been addressed in recent publications. 
The effect of observation errors on parameter reliability and pre- 
diction errors was discussed in Beck et al. (1979). Fedra et aL (1980) 
drew attention to the fact that very often no unique parameter set 
exists if thedataand input variability is taken into account. 
Consequently, rather then a unique prediction, a probability density 
function must result. The non-uniqueness of the parameters was 
earlier pointed out by Spear and Hornberger (1978), in an attempt 
to seperate the parameter space in a region giving rise to a pre- 
defined model behaviour, and a region not giving rise to the 
behaviour. The behaviour was defined in a wooly way from scarce 
field data. The purpose was to test various assumptions on the phos- 
phorus cycle in the system under study. The present paper reports 
on similar work in a practical application to the eutrophication 
problem of lake Balaton, a shallow lake in Hungary. 
I n  most s h a l l o w  l a k e s  t h e  water -sediment  i n t e r a c t i o n  is b e l i e v e d  t o  
p l a y  a s i g n i f i c a n t  r o l e  i n  t h e  e u t r o p h i c a t i o n  phenomena. A t  t h e  same 
t i m e  very  l i t t l e  is known a b o u t  t h i s  r e l a t i o n  by d i r e c t  exper imenta-  
t i o n .  The p r i n c i p l e  aim of  t h i s  paper  is t o  i n v e s t i g a t e  t h e  ma jo r  
modes of  phosphorus t r a n s p o r t  t o  and from t h e  sed iment  on t h e  b a s i s  
of a v a i l a b l e  d a t a  f o r  i n - l a k e  phosphorus f r a c t i o n s  a s s o c i a t e d  w i t h  
c o n s i d e r a b l e  u n c e r t a i n t y .  The approach is d i r e c t e d  towards  hypo- 
thesis t e s t i n g ,  t h a t  i s ,  t o  see whether o r  n o t  c e r t a i n  assumpt ions  
must be  r e j e c t e d  i n  t h e  l i g h t  of t h e  d a t a .  F o r  t h i s  purpose  a  
c o u p l e  of a l t e r n a t i v e  s i m p l e  models is  f o r m u l a t e d ,  u s i n g  a s  much 
i n f o r m a t i o n  a b o u t  p a r a m e t e r s ,  p r o c e s s e s  and f o r c i n g s  a s  p o s s i b l e .  
The remaining unknown p a r a m e t e r s ,  t y p i c a l l y  a s s o c i a t e d  w i t h  t h e  
water -sediment  i n t e r a c t i o n ,  a r e  c o n s i d e r e d  a s  ' t u n e a b l e '  p a r a m e t e r s .  
These  p a r a m e t e r s  c a n  be  v a r i e d  by hand,  b u t  a l s o  i n  a  Monte C a r l o  
s i m u l a t i o n  p rocedure ,  t o  see whether  p a r a m e t e r s e t s  e x i s t  f o r  which 
t h e  model shows a  phosphorus behav iour  t h a t m a t c h e s t h e  obse rved  
behav iour .  I n  t h i s  c o n t e x t b e h a v i o u r i s  d e f i n e d  a s  a s e t o f  ( s i m p l e )  con- 
s t r a i n t c o n d i t i o n s  around t h e  a c t u a l d a t a ,  t o a l l o w f o r t h e d a t a u n c e r t a i n -  
t y .  Thus, a m o d e l s o l u t i o n  is saidtoshowthebehaviourif t h e  c o n c e n t r a t i o n  
p a t t e r n s  f a l l  w i t h i n  the b o u n d a r i e s  s p e c i f i e d i n t h e b e h a v i o u r d e f i n i t i ~ n .  
Lake B a l a t o n  
Lake B a l a t o n  is a  long-shaped l a k e  of approx imate ly  70 km l e n g t h ,  
8  km width  and w i t h  a n  ave rage  d e p t h  of 3.14 m. The major  i n f l o w  
is t h e  Zala  R i v e r ,  d r a i n i n g  abou t  50% of t h e  t o t a l  wa te r shed  a r e a  
2  (6000 km ; see F i g u r e  1 ) .  There  is o n l y  o n e o u t f l o w ,  a t  S i o f o k ,  a t  
t h e  o t h e r  end o f  t h e  l a k e .  Most ( b i o ) c h e m i c a l  c o n s t i t u e n t s  show a  
marked c o n c e n t r a t i o n  g r a d i e n t ,  w i t h  t h e  h i g h e s t  c o n c e n t r a t i o n s  n e a r  
t h e  Za la  i n f l o w  i n  t h e  Kesz the ly  Bay (see b e l o w ) .  Wind a c t i o n  i s  
i m p o r t a n t ,  b u t  'not  s u f f i c i e n t  t o  c a u s e  a  comple te  mixing over  t h e  
l e n g t h  of t h e  l a k e .  Wind induced c u r r e n t s  and waves a r e  ins t rumen-  
t a l  i n  t h e  c o n t i n u o u s  r e s u s p e n s i o n  o f  sediment  p a r t i c l e s .  
B i o l o g i c a l  o b s e r v a t i o n s  comprise biomass measurements and phyto- 
p lank ton  c o u n t s ,  a s  w e l l  a s  pr imary  p r o d u c t i v i t y  measurements em-  
p l o y i n g  t h e  14c- t echn ique  (Herodek,  1 9 7 7 ) .  b u t  o n l y  a t  one l o c a t i o n  
e a c h  y e a r  i n  a  yea r - to -yea r  r o t a t i o n  scheme. The concern  abou t  t h e  
development o f  t h e  l a k e ' s  e u t r o p h i c  s t a t e  s t e m s  from t h e  o b s e r v a t i o n  
t h a t  t h e  p r imary  p r o d u c t i o n  i n  t h e  S i o f o k  b a s i n  doubled  i n  t h e  p e r i o d  
2  1972-1977 ( f rom 96-180 g  c / m  y r )  , whereas i n  t h e  Kesz the ly  Bay 
2 
a l r e a d y  i n  1973-1974 a  y e a r l y  p r imary  p r o d u c t i o n  of 830 g  C/m y r  
Figure  I .  Lake BaZaton and i t s  w a t e r s h e d .  
K = K e s z t h e Z y ,  S  = S i o f o k  
was reached,  a  h y p e r t r o p h i c  va lue .  
Regular  d a t a  a r e  a v a i l a b l e  on ch lorophyl  and v a r i o u s  phosphorus 
f r a c t i o n s ,  measured roughly  t e n  t i m e s  a  year  on n ine  l o c a t i o n s  
s i n c e  a t  l e a s t  1975. F ig u r e  2 summarizes t h e  phosphorus f r a c t i o n s  
r epo r t ed :  t o t a l  P I  t o t a l  d i s s o l v e d  P I  ortho-P and p a r t i c u l a t e  i n o r -  
g a n i c  P  a r e  observed d i r e c t l y ,  t h e  o t h e r  f r a c t i o n s  have been c a l -  
c u l a t e d  (and  a r e ,  consequen t ly ,  less a c c u r a t e ) .  The d a t a  have been 
i nc luded  i n  IIASA's Lake Bala ton d a t a  bank (Van S t r a t e n  e t  a l ,  1 9 7 9 ) .  
For  t h e  purpose  of t h e  a n a l y s i s  t h e  l a k e  has  been segmented i n t o  
f o u r  b a s i n s ,  and bas in-averaged v a l u e s  w e r e  computed from t h e  n i n e  
measurement l o c a t i o n s  accord ing  t o  t h e i r  p o s i t i o n .  Geometric averages  
over  t h e  y e a r  1977 a r e  shown i n  Table  I f o r  t h e  f o u r  b a s i n s .  (The 
dynamic p a t t e r n s  a r e  p r e se n t ed  i n  F igu re  9  a s  w e l l . )  The l o n g i t u -  
d i n a l  g r a d i e n t  is immediately appa ren t  from t h i s  t a b l e .  Also 
remarkable is t h e  h ig h  l e v e l  of  t o t a l  d i s s o l v e d  phosphorus,  i n d i -  
c a t i n g  l a r g e  d i s s o l v e d  o r g a n i c  and condensed polyphosphate concen- 
t r a t i o n s ,  because  or tho-phosphate  i s  always ve ry  low. Of t h e  p a r t i -  
c u l a t e  o r g a n i c  phosphorus roughly  h a l f  i s  phytoplankton.  Thus, t h e  
d a t a  show t h a t  d e t r i t u s  phosphorus i s  a  s u b s t a n t i a l f r a c t i o n  of t o t a l  
Figure 2. Reported phosphorus fractions for Lake Balaton. 
Directly measured (solid lines) : TP-Total P, TDP-Total 
Dissolved P, PO4-Orthophosphate, PIP-Particulate Inorganic 
P; calculated: TPP-Total Particluate P, DOCP-Dissolved 
Organic and Condensed P, POP-Particulate Organic P 
phospha te  i n  t h e  l a k e .  Roughly 10-15% of  t h e  t o t a l  phosphorus  i s  i n  
t h e  form o f  p a r t i c u l a t e  i n o r g a n i c  P.  T h i s  f r a c t i o n  is  f a i r l y  c o n s t a n t  
t h r o u g h o u t  t h e  y e a r ,  e x c e p t  i n  s to rmy  p e r i o d s ,  when P IP  can  r e a c h  
3 
up t o  40 mg P/m . The r a t i o  o f  PIP t o  t o t a l  suspended s o l i d s  r a n g e s  
between 0 . 5  and  1 .5  mg/g. Calc ium c a r b o n a t e  is a n  i m p o r t a n t  c o n s t i -  
t u e n t  o f  t h e  suspended  s o l i d s .  Dur ing  t h e  y e a r  a  c o n s i d e r a b l e  c a l c i u m  
p r e c i p i t a t i o n  o c c u r s  (ca. 7 5 % ,  E n t z ,  1 9 5 9 ) ,  mos t ly  as b i o g e n i c  l i m e  
p r e c i p i t a t i o n  i n  t h e  growing s e a s o n .  The pH is 8.3-8.7 t h r o u g h o u t  
t h e  y e a r .  
Mode l l i n q  
S i n c e  t h e  p u r p o s e  of  t h e  m o d e l l i n g  is  t o  t e s t  a s s u m p t i o n s  on t h e  
m a j o r  modes o f  phosphorus  c y c l i n g ,  it was d e c i d e d  t h a t  t h e  mode l ( s1  
s h o u l d  be as s i m p l e  a s  p o s s i b l e .  T h i s  was c o n s i d e r e d  a  n e c e s s i t y  a l s o  
i n  view of  t h e  q u a n t i t y  and q u a l i t y  of  t h e  d a t a .  On t h e  o t h e r  hand 
due  r e g a r d  s h o u l d  b e  g i v e n  t o  t h o s e  a s p e c t s  t h a t  were r e l a t i v e l y  
w e l l  known f o r  t h e  l a k e ,  such  as m e t e o r o l o g i c a l a n d h y d r o l o g i c a l d a t a .  
Table I. ~eometric mean of 1977 phosphorus data, for the four basins and 
the lake as a whole (stormy days excluded), mg P/m 3 
I I I I11 IV Lake 
- 
6 3 Volume 10 m 8 2 4 13 600 802 1897 
Total P mean 81.1 63.4 42.1 29.9 43.3 
6 . d  8 . 0  8 . 7  8 . 2  4 . 2  
Total Dissolved P mean 25.2 18.8 14.1 13.1 15.2 
s . d .  8 . 1  6.1 4.3 3.9 
mean 4.7 PO4-P 4.7 4.4 3.4 4.0 
6 .  d  2 . 1  1.1 0 . 9  0 . 7  
Dissolved Organic P mean 20.6 14.1 9.8 9.6 8 . d .  7 . 5  6 . 5  4 . 4  4 . 1  11.1 
Total Particulate P mean 55.9 44.6 27.9 16.8 28.0 
8 . d .  1 1 . 6  7 . 8  1 0 . 0  6 . 7  
Particulate Inorganic P mean 10.3 8.3 6.7 4.4 6 . 2  
8 . d .  5 . 0  2 . 4  2 . 4  1 . 8  
Particulate Organic P mean 45.6 36.4 21.2 12.2 21.8 
s . d .  1 0 . 1  7 . 0  8 . 4  7 . 4  
The present phosphorus loading has been studied by Van Straten et 
al.(loc. cit.). Basically, the known elements in the loading are 
the total- and ortho-phosphorus load carried by the Zala River 
(obtained from weekly data), a tentative estimate of the total 
sewage load, and data on the total- and orthophosphate concentrations 
in precipitation. For the model also the contributions by the tri- 
butaries, as well as the distribution of the sewage load over the 
four segments had to be known. For this purpose the Zala particulate 
P-load was extrapolated based on watershed surface area and average 
slope for the tributary watersheds. The sewage loads were distri- 
buted according to population density and sewage connection ratio. 
Consequently, the loading to the various basins could be estimated 
from the Zala River data (dynamically) and from the total sewage 
load (constant, but twice the normal value during the tourist 
season), as shown in Figure 3. The sewage load is either direct 
to the lake or through the tributaries. Other sources of dissolved 
phosphorus are included in the total sewage load estimate and 
therefore not accounted for seperately. 
ZALA 
Figure 3. Phosphorus loading distribution. 
S-sewage, Z -Zulu Particulate P, Zd-Zala Dissolved P 
P 
Hydrology and lonqitudial mixing 
- ----- -------- ------------- 
Monthly data on precipitation, inflow, outflow and evaporation were 
available. These were used for the computation of basin-to-basin 
throughflow. In terms of the timescales relevant to ecological 
m o d e l l i n g  t h e  e f f e c t  o f  t h roughf low i s  i n s i g n i f i c a n t  ( f l o w  v e l o c i t y  
l e s s t h a n  1 r n m / s ) .  However, s i g n i g i c a n t  c u r r e n t s  d o  e x i s t  i n  t h e  
l a k e  a s  a  consequence  of  wind a c t i o n ,  and  c o n s e q u e n t l y  some l o n g i -  
t u d i n a l  i n t e r - b a s i n  exchange i s  t o  be  e x p e c t e d .  I n  t h e  models ,  
l o n g i t u d i n a l  mixing  i s  approximated  by t h e  f o r m u l a t i o n  o f  a  c i r c u -  
l a t i o n  f low a t  each  b a s i n - i n t e r s e c t i o n ,  on  t o p  o f  t h e  h y d r o l o g i c a l  
f l o w ,  a s  e x a m p l i f i e d  i n  F i g u r e  4 .  Thus,  a  d i s p e r s i o n  e f f e c t  i s  
Ai- Ai+ 
F i g u r e  4 .  Ezchange r a t e  f o r m u l a t i o n .  
C-concen t ra t ion ,  V-volume, q - h y d r o l o g i c a l  f l o w  r a t e ,  
Vrpt-ezchange ve l o c i t y ,  A-cross s e c t i o n a l  s u r f a c e  a r e a  
ViCi = + f Q i -  + tAi - )Ci - l  + VretAi+ * Ci+l  
- (Bit + V r e t A i + ) C i  - 're tAi-'i 
i n t r o d u c e d ,  which is governed  by t h e  a r t i f i c i a l  r e t u r n  v e l o c i t y  
p a r a m e t e r  Vret .  I t  s h o u l d  be emphas ized  t h a t  t h i s  p a r a m e t e r  h a s  no 
d i r e c t  r e l a t i o n  w i t h  t h e  a c t u a l  c u r r e n t s ,  a l t h o u g h  i t s  v a l u e  must  
c e r t a i n l y  b e  less t h a n  t h e  s u r f a c e  v e l o c i t i e s  (which a r e  i n  t h e  
o r d e r  o f  a  few c m / s ) .  Two and t h r e e - d i m e n s i o n a l  hydrodynamica l  
models  a r e  u n d e r  c o n s t r u c t i o n  t o  s t u d y  t h e  t r a n s p o r t  phenomena 
dynamics ,  b u t  no r e s u l t s  have  been o b t a i n e d  y e t .  I n  t h e  p r e s e n t  
a p p l i c a t i o n ,  t h e r e f o r e ,  a c o n s t a n t  l o n g i t u d i n a l  mixing  t h r o u g h o u t  
t h e  y e a r  had t o  b e  assumed. On t h e  o t h e r  hand t h i s  is  n o t  un reaso -  
n a b l e  because  t h e  wind is f a i r l y  e v e n l y  d i s t r i b u t e d  o v e r  t h e  s e a s o n s .  
E x p e r i m e n t a t i o n  w i t h  t h e  model showed t h a t  Vret had t o  be i n  t h e  
o r d e r  o f  a  few nm/s, b e c a u s e  a t  h i g h e r  v a l u e s  u n r e a l i s t i c a l l y  low 
c o n c e n t r a t i o n  g r a d i e n t s  o c c u r r e d .  I t  a l s o  came o u t  t h a t  t h e  d i s -  
t r i b u t i o n  of  phosphorus  and p h y t o p l a n k t o n  o v e r  t h e  l a k e  is r a t h e r  
s e n s i t i v e  t o  t h i s  p a r a m e t e r .  
The l ake  i s  c h a r a c t e r i z e d  by two a l g a e  blooms over t h e  year  ( c f .  
F igu re  9 ) ,  a l though t h e s e  a r e  no t  every  year  a s  d i s t i n c t  a s  i n  1977. 
A lga l  counts  i n d i c a t e  t h a t  t he  sp r ing  bloom i s  mainly a s s o c i a t e d  
w i th  diatoms, i n  r e c e n t  yea r s  mostly Synedra acus  and Ni tzsch ia  
a c i c u l a r i s .  The water  temperatures  a r e  below 12 C i n  t h i s  per iod .  
L a t e r  i n  t h e  season a  mixed phytoplankton p r e v a i l s ,  dominated by 
Ceratium h i r u n d i n e l l a ,  and i n  r e c e n t  yea r s  i n  t h e  Keszthely  and 
S z i g l i g e t  ba s in s  a l s o  blue-green spec i e s  (mainly Aphanizomenon f l o s -  
aquae)  occurred.  To account  f o r  t h e  d i f f e r e n c e s  i n  environmental  
s e n s i t i v i t y  over  t h e  yea r  i t  was decided t o  i n t roduce  two groups 
of a lgae  s p e c i e s  i n  t h e  model, denoted by t h e  terms "winter-" and 
"summer-" a l g a e ,  r e s p e c t i v e l y .  The d i f f e r e n c e s  between t h e  groups 
l i e  mainly i n  t h e  temperature  s e n s i t i v i t y  and t h e  maximum growth 
r a t e .  Both c h a r a c t e r i s t i c s  were der ived  from an a n a l y s i s  of t h e  
primary product ion d a t a .  From t h e s e  d a t a  it was a l s o  c l e a r  t h a t  
l i g h t  i n h i b i t i o n  occur red  a t  t h e  s u r f a c e ,  and consequent ly  t h e  l i g h t  
l i m i t a t i o n  was desc r ibed  with  t h e  depth and day averaged S t e e l e  
formula. The equa t ions  and parameters  used a r e  p resen ted  i n  
Appendix I. 
I t  should be noted t h a t  t h e  maximum growth r a t e  ob ta ined  from t h e  
primary product ion d a t a  a n a l y s i s  was extremely high a s  compared 
t o  l i t e r a t u r e  d a t a .  I n  t h e  model t h e  va lues  2  and 6  day-' a r e  used 
f o r  "winter-" and " summer-" a lgae  r e s p e c t i v e l y .  No expl 'anat ion i s  
known f o r  t h e s e  very h igh  va lues .  With such extreme growth r a t e s  
t h e r e  must be a very s i g n i f i c a n t  dea th  process  i n  t h e  l ake .  De ta i l ed  
zooplankton s t u d i e s  (P.-Z8nkai and Ponyi, 19761 revea led  a  maximum 
f i l t e r i n g  r a t e  i n  summer of 1 . 4  ml/day pe r  i n d i v i d u a l ,  whi le  con- 
c e n t r a t i o n s  a r e  a t  most 7  i n d / l .  Consequently, zooplankton could 
no t  be the  major cause of t h e  a l g a l  dea th  process .  S ince  nothing is  
known about t h e  m o r t a l i t y  it was assumed i n  t h e  model t h a t  m o r t a l i t y  
i s  propor t i ona l  t o  biomass. The r a t e  c o e f f i c i e n t  was es t imated  a s  
roughly 0.13 daym1 a t  20 C by matching t h e  autumn d e c l i n e  of phyto- 
plankton i n  model and r e a l i t y .  However, t h e  temperature  dependancy, 
descr ibed  by an exponent ia l  f unc t ion ,  was r e t a i n e d  a s  a  " tuneable"  
parameter.  The va lue  range chosen was s l i g h t l y  h igher  than usua l  
t o  g ive  some account  f o r  a  temperaturecoupled zooplankton e f f e c t .  
There is general consensus about the major processes in the in-lake 
cycling of phosphorus. Algae excrete organic phosphorus in dissolved 
form, and mortality leads to particulate detritus material. Part of 
this is lost from the cycle through settling, whereas the other part 
is hydrolyzed, thus contributing to the dissolved organic P pool too. 
Finally, heterocyclic bacteria mineralize the dissolved organic 
phosphorus, perhaps through condensed poly-phosphates to ortho- 
phosphate, which is then available for uptake by algae in the next 
cycle (cf. Leonov and Vasiliev, 1980). In view of the purpose of the 
present work several simplifications were introduced in order to 
arrive at the simplest possible model that still represents the major 
features. First the distinction between particulate and dissolved 
organic matter was dropped, and the sum of the two was simply called 
"detritus-phosphorus". By this procedure one non-essential state 
variable was eliminated. Second, the bacteria were not modelled 
explicitly. Although there is little doubt about the significant 
role of bacteria, inclusion of bacteria is not necessary for the 
present purpose. This statement is based on the argumentation, that 
bacteria processes are comparatively fast, and mostly governed 
by the water temperature. Consequently, the effect of a time-varying 
bacteria population can in first approximation be simulated by 
introducing a strong temperature dependancy of the mineralization 
rate (see Appendix I). In addition, no systematic dynamic data exist 
on the bacteria population (although measurements show an increasing 
tendancy over the years since 1966), and thus possibilities of 
checking parameter assumptions against field data are lacking. 
The sediment 
------------ 
Like in many other shallow lake systems the sediment constitutes a 
considerable source of uncertainty. Initially, a simple sediment 
submodel was included in the model, such that about one-third of 
the detritus was mineralized in the sediment (oxygen consumption 
measurements of lake water and sediment core suggest this ratio). 
Due to a lack of systematic data, this submodel was abandonned 
for the time being, and replaced by the simplifying assumptions 
that continuously sedimentation of (the particulate fraction of) 
detritus occurs, and that dissolved inorganic phosphorus is released 
at a temperature dependent but otherwise constant rate. Both sedi- 
mentation rate and release rate are essentially unknown, and are 
therefore treated as "tuneable" parameters. 
Matching model and observation data representation 
Figure 5. Model I Structure. PPP-Phytoplankton P, DetP-Detritus P, 
DIP-Dissolved Inorganic P. 
Figure 5 presents the structure of model Ipostulated on the basis 
of the previousconsiderations. The model has four state variables: 
winter algae phosphorus, summer algae phosphorus, detritus phos- 
phorus (both dissolved and particulate) and dissolved inorganic 
phosphorus. The two algae species are not shown separately. Since 
this model-intrinsic representation does not match the data type 
of themeasurements, a transformation is necessary both on the in- 
put and output side of the model. That is, the various phosphorus 
loadings have to be allocated to each of the state variables, and 
the model results have to be expressed in terms of the measurements 
or vice versa. For the distribution of the phosphorus load the 
following simplifying assumptions were made: 
(1) a l l  sewage i s  i n  d i s s o l v e d  i no rgan i c  form 
( 2 )  t h e  Zala d i s s o l v e d  phosphorus load  c o n t r i b u t e s  s o l e l y  t o  t h e  
d i s s o l v e d  i n o r g a n i c  poo l  ( i . e .  no d e t r i t u s  f r a c t i o n )  
( 3 )  t h e  Zala p a r t i c u l a t e  l o ad ,  a s  w e l l  a s  t h e  run-off i n  t h e  o t h e r  
b a s i n s  ( r e f e r  t o  F ig .  3 )  i s  d i v i d e d  i n t o  an a v a i l a b l e  and non- 
a v a i l a b l e  p a r t .  The non-avai lable  f r a c t i o n  is b e l i e v e d  t o  s e t t l e  
d i r e c t l y  i n  t h e  near-shore  r eg ions  of  t h e  l a k e ,  s o  t h a t  t h i s  
p a r t  does  n o t  show up i n  t h e  mid-lake measurement d a t a .  A s t r o n g  
i n d i c a t i o n  f o r  such  a  phenomenonto occur  is  t h a t  abou t  9 5 %  of t h e  
t o t a l  phosphorus e n t e r i n g  the l a k e  i s  r e t a i n e d .  The a v a i l a b l e  
f r a c t i o n  is assumed t o  c o n t r i b u t e  t o  t h e  d e t r i t u s  (because  i t  
i s  p a r t i c u l a t e ,  m i n e r a l i z a b l e  m a t t e r ) .  
The f r a c t i o n  a v a i l a b l e  phosphorus i n  t h e  p a r t i c u l a t e  load  i s ,  i n  
f a c t ,  a  model parameter  a s  long a s  a c t u a l  measurements ( f o r  i n s t a n c e  
by more d e t a i l e d  chemical  f r a c t i o n a t i o n  of t h e  Zala P- input)  a r e  
l a ck ing .  The v a l u e  was s e t  a r b i t r a r i l y  t o  10% i n  t h e  p r e s e n t  a p p l i -  
c a t i o n .  A t  such  low v a l u e s  t h e  model is  n o t  ve ry  s e n s i t i v e  t o  t h i s  
parameter  because  t h e  m a j o r i t y  of t h e  a v a i l a b l e  P-loading i s  i n  
d i s s o l v e d  form (mainly  sewage).  
To enab l e  a  comparison of  model r e s u l t s  w i th  a c t u a l  d a t a  a l s o  a  t r a n s -  
fo rmat ion  is needed. There  a r e ,  p r i n c i p a l l y ,  two ways o f  doing t h i s :  
e i t h e r  by manipu la t ion  o f  t h e  d a t a  t o  y i e l d  s t a t e  v a r i a b l e  v a l u e s  
(e .g .  d e t r i t u s - P  e q u a l s  p a r t i c u l a t e  o r g a n i c  P  minus phytoplankton-P 
p l u s  t o t a l  d i s s o l v e d  P  minus d i s s o l v e d  i n o r g a n i c  P) o r  by recombining 
t h e  model r e s u l t s  i n  t e r m s  of  t h e  measurements. The l a t t e r  p rocedure  
is p r e f e r e d  because  d a t a  manipu la t ion  r e s u l t s  i n  l a r g e  r e l a t i v e  
e r r o r s  when s u b t r a c t i o n  o f  two u n c e r t a i n  numbers is invo lved ,  and 
would a l s o  c a u se  problems i f  t h e  measurements a r e  n o t  complete o r  
asynchroneous.  L e t  y denote  t h e  v e c t o r  of  o b s e r v a t i o n s  ( i . e .  ch loro-  
p h y l l ,  TP ( w i th o u t  P I P ) ,  TDP and P O 4 ) ,  and - x t h e  v e c t o r  of  s t a t e  
v a r i a b l e s  ( w i n t e r  a lgae-PI  summer algae-P,  d e t r i t u s - P I  d i s s o l v e d  
i n o r g a n i c  P ) ,  t h e n  t h e  o b s e r v a t i o n  ma t r i x  is given  by 
where C1, C 2  a r e  t h e  chlorophyl l -phosphorus  r a t i o  of t h e  win te r -  an 
summeralgae, r e s p e c t i v e l y ,  and y i s  t h e  f r a c t i o n  of d e t r i t u s  i n  
d i s s o l v e d  form. Both C1.CZ and y a r e  e s s e n t i a l l y  unknown i n  t h e  pre-  
s e n t  c a s e .  The p a r a m e t e r s  C1 and C 2  do n o t  o c c u r  i n  t h e  model i t s e l f ,  
s o  i t  was d e c i d e d  t o  l e a v e  t h e  r e s u l t s  i n  t h e  form of t o t a l  phyto- 
plankton-P because  a  t e n t a t i v e c o r n p a r i s o n w i t h  c h l o r o p h y l l  cou ld  a lways  
be made a f t e r w a r d s  by assuming v a l u e s  f o r  C and C 2  w i t h o u t  a f f e c t i n g  1 
t h e  o t h e r  model r e s u l t s .  I t  shou ld  be  no ted  t h a t  a  v e r y  i m p o r t a n t  
i m p l i c a t i o n  o f  t h e  l a c k  of  i n f o r m a t i o n  on C1 and C 2  i s  t h a t  one 
canno t  hope t o  make a c c u r a t e  s t a t e m e n t s  a b o u t  t h e  dynamics of  t h e  
a l g a l  growth and m o r t a l i t y  from a  comparison of model r e s u l t s  w i t h  
measurement d a t a .  I n  t h e  p r e s e n t  a p p l i c a t i o n  t h i s  problem is less 
s e r i o u s  because  t h e  p r i n c i p l e  aim is t o  i n v e s t i g a t e  t h e  major phos- 
phorus  t r a n s p o r t  modes t o  o r  from t h e  sed iment ,  f o r  which a  rough 
e s t i m a t e  of  the a l g a l  l e v e l s  s u f f i c e s .  The s i t u a t i o n  is d i f f e r e n t  
w i t h  r e s p e c t  t o  pa ramete r  y ,  which a l s o  o c c u r s  i n  t h e  model i t s e l f  
( s e t t l i n g o n l y  o p e r a t e s  on t h e  p a r t i c u l a t e  f r a c t i o n  ( 1 - y )  of t h e  
d e t r i t u s ) .  T h i s  is ,  i n  f a c t ,  t h e  p r i c e  t h a t  must be  p a i d  f o r  t h e  
r e d u c t i o n  of t h e  number o f  s t a t e  v a r i a b l e s  by combining p a r t i c u l a t e  
and d i s s o l v e d  non- l iv ing  P  i n t o  one d e t r i t u s  t e r m .  An e s t i m a t e  f o r  
t h e  v a l u e  o f  y is o b t a i n e d  from T a b l e  I a s  0.4 by comparison o f  d i s -  
3  
s o l v e d  o r g a n i c  P  (11 mg P/m w i t h  t h e  non-algae p a r t  o f  t h e  p a r t i -  
3  
c u l a t e  o r g a n i c  P  (22 - 0.5  * 14 = 15 mg P/m , where a v e r a g e  c h l o r o -  
phyl l -P  is 1 4  mg/m3 and ch lo rophy l l -P  r a t i o  i s  2. see b e l o w ) .  
R e s u l t s  f o r  Model I 
E x t e n s i v e  e x p e r i m e n t a t i o n  w i t h  model I r e v e a l e d  an i m p o r t a n t  
d e f i c i e n c y .  F i g u r e  6 shows a  t y p i c a l  p a t t e r n  of  d i s s o l v e d  i n o r g a n i c  
phosphorus o b t a i n e d  w i t h  t h i s  model, f o r  Kesz the ly  Bay. Data p o i n t s  
a r e  a l s o  shown. Most s t r i k i n g  is t h e  r a p i d  rise of  DIP i n  t h e  model 
a t  t h e  end of t h e  y e a r ,  which c o n f l i c t s  w i t h  t h e  a c t u a l  o b s e r v a t i o n s .  
I n  t h i s  model t h e  major mechanism t o  keep t h e  or tho-phosphate  l e v e l s  
low a g a i n s t  c o n t i n u o u s  l o a d i n g  is  t h e  up take  by a l g a e .  S i n c e  t h i s  
u p t a k e  ends  r a t h e r  a b r u p t l y  a b o u t  mid September,  when t e m p e r a t u r e  
and l i g h t  s h a r p l y  d e c l i n e ,  no removal mechanism i s  a c t i v e  i n  t h e  
model,  and DIP rises r a p i d l y .  S i m i l a r  arguments app ly  t o  t h e  p e r i o d  
i n  May a f t e r  t h e  d e c l i n e  of  t h e  s p r i n g  bloom. N o  improvement c o u l d  
be  o b t a i n e d  by m o d i f i c a t i o n  of t h e  m i n e r a l i z a t i o n  r a t e  t e r m ,  because  
t h e  c o n t r i b u t i o n  of  m i n e r a l i z a t i o n  of decay ing  a l g a l  biomass was 
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Figure  6 .  T y p i c a l  r e s u l t  f o r  model I .  Comparison o f  s i m u l a t i o n  
( s o l i d  l i n e )  w i t h  measurements  ( d o t s )  f o r  d i s s o l v e d  
i n o r g a n i c  P i n  K e s z t h e l y  Bay ( B a s i n  I) 
only a fraction of the phosphorus loading. The results from model 
I strongly suggest that another mechanism exists to regulate the 
ortho-phosphate levels. 
The sorption hypothesis 
The chemical -composition of the Balaton would certainly allow for 
an appreciable phosphorus coprecipitation with biogenically formed 
lime. This was accounted for in model I (see Appendix I). However, 
biogenic lime formation is bound to the growing season, whereas 
the results suggest that phosphorus adsorption also occurs outside 
the season. This leads to the hypothesis of a continuous adsorption- 
desorption process. The sediment may play a direct role in this 
process, but it is perhaps more likely that sarbens is continuously 
present and renewed by steady resuspension and settling of sediment 
particles into and from the water. 
The proper implementation of the sorption hypothesis would require 
the formulation of a sorption isotherm model, assuming that the 
adsorption/desorption is fast. First experimentation with such a 
model revealed as most serious problem the need to know the amount 
of (active) sorbens. Consequently, a dynamic model of suspended solids 
with phosphorus adsorption capacity would have to be made. Although 
recent data material is available from which such a model could 
probably be prepared (Somlybdy, 1980), another way was chosen here 
as a first approximation. 
In model I1 the sorption reaction was postulated as a dynamic process: 
D?P = - RKSOR (DIP - DIPEQ) 
From the data it was clear that the equilibrium concentration DIPEQ 
could not be far away from the actual DIP concentrations observed. 
The relatively heavy loading in the Keszthely Bay is likely to 
cause a relatively high phosphorus density on the available sorption 
surface. Consequently, the equilibrium concentration would have to 
be different from basin to basin. Provisionary, the ratio of the 
average particulate inorganic P from basin to basin was used as an 
indication for the ratio in DIPEQ, as shown in Table 2. 
Table 2. Ratio of DIPEQ based on PIP ratio 
basin I I1 I11 IV 
3 PIP (mg/m 10.3 8.3 6.7 4.4 
ratio 1 0.8 0.65 0.4 
The structure of model I1 is schematized in Figure 7. 
Monte Carlo simulation with model I1 
A Monte Carlo simulation was performed to investigate whether para- 
meter regions existed for which model I1 would give results that 
coincided with a predifined behaviour derived from the data. The 
behaviour definition used is given in Table 3. 
It was decided not to vary all parmeters in the simulation in order 
to reduce the number of runs required. At first, a serie of 300 runs 
was done, varying nine parametervalues according to Table 4. These 
were mostly parameters governing the sediment-water interaction. 
Figure 7. Model I 1  structure with sorption hypothesis. 
S-Sorbens (not modelled explicitely) 
Table 3. Behaviour d e f i n i t i o n  
Per iod Var iab le  Range 
- 
15 MAR - 22 NOV TP I 49.5 - 110.0 
I I 31.5 - 82.5 
111 13.5 - 60.5 
IV 9.0 - 49.5 
TDP I 13.5 - 55.0 20 MAY - 8 AUG 
I I 13.5 - 38.5 
I11 9.0 - 33.0 
IV 4.5 - 27.5 
15 MAR - 22 NOV D I P  I 0 - 16.5 
I1 0 - 8.8 
I I I 0 - 8.8 
IV 0 - 8.8 
The temperature f a c t o r  f o r  a lgae  m o r t a l i t y  was a l s o  inc luded  t o  
allow f o r  a  reduc t ion  o r  i nc rease  of m o r t a l i t y  of co ld  water a l g a e ,  
which might i n f luence  t h e  speed of phosphorus regenera t ion  a f t e r  
t h e  a lgae  blooms. 
Table  4 .  Parameter Ranges 
Parameter Range 
S e r i e  1 S e r i e  2 
VRET Horiz. exch. flow ( m / s )  0 - 0.003 0 - 0.003 
3 PK Monod Constant  (rng P/rn ) 7 - 13 7 - 13 
DTR Mor t . r a t e  temp. e f f e c t  1.05 - 1.15 1.09 - 1.15 
ENOM Miner. r a t e  ( l / d a y )  0.02 - 0.08 0.02 - 0.06 
SETTV N e t  s e t t l i n g  vel. (m/day) 0.01 - 0.07 0.01 - 0.05 
3 BLP Biog. l i m e  coprec.  ( m  /mg) 0 - 0.03 0.015 
2 RELES Release from sed. (mg/m day) 0 - 1.0 0 - 1.0 
RKSOR Sorp t ion  r a t e  ( l / d a y )  0 - 0.5 0 - 0.2 
3 DIPEQ Equi l ibr ium conc. (mg P/m ) 5 - 9 5 - 9 
Out of t h e  f i r s t  series of 300 runs  only one parameter combination 
was found t h a t  gave rise t o  t h e  behaviour ,  d e s p i t e  t h e  f a c t  t h a t  
t h e  c o n s t r a i n t  cond i t i ons  were r a t h e r  wide. One reason  i s  t h a t  ran- 
dom and independant parameter s e l e c t i o n  ignores  t h a t  some of t h e  
parameters  of t h e  model must be c o r r e l a t e d  i n  o rde r  t o  keep t h e  
s t a t e  v a r i a b l e s  w i th in  a  c e r t a i n  range.  F o r i n s t a n c e ,  from t h e  model 
equa t ions  (see Appendix I )  it can be seen t h a t  ENOM and SETTV must 
be nega t ive ly  c o r r e l a t e d  i f  t h e  d e t r i t u s  i s  t o  be w i t h i n  c e r t a i n  
l i m i t s .  A l l  parameter combinations generated o u t s i d e  t h i s  c o r r e l a t i o n  
r eg ion  w i l l  no t  y i e l d  t h e  behaviour.  
An a n a l y s i s  o f  t h e  p o s i t i o n  of ENOM and SETTV f o r  runs  f o r  which t h e  
c o n s t r a i n t s  weEe p a r t i a l l y  f u l l f i l l e d  ( i . e .  TDP and DIP behaviour ,  
bu t  no t  TP behaviour)  showed t h a t  ENOM and SETTV w e r e  confined t o  
one corner  of t h e  parameter plane.  Thus a r educ t ion  of t h e  parameter 
r eg ion  would be p o s s i b l e  t o  i n c r e a s e  t h e  e f f i c i e n c y  of t h e  computation. 
Another i n t e r e s t i n g  r e s u l t  of t h e  f i r s t  s e r i e s  was ob ta ined  from 
a n a l y s i s  of t h e  p o s i t i o n  of RKSOR and DIPEQ f o r  p a r t i a l  behavioura l  
runs .  F igure  8a shows t h e  runs  r e s u l t i n g  i n  TP behaviour ( b u t  gene- 
r a l l y  not.TDP and DIP behav iou r ) ,  and F igure  8b t h e  runs  r e s u l t i n g  
i n  TDP and DIP behaviour ( b u t  no t  TP behav iou r ) .  I t  became very 
apparen t  t h a t  i n  o r d e r  t o  f u l f i l l  t h e  t o t a l  P  cond i t i ons  RKSOR has  
t o  be low. This  is because a  r a p i d  s o r p t i o n  r a t e  would r e s u l t  i n  
r a p i d  phosphorus deso rp t ion  i n  t h e  summer pe r iod ,  l ead ing  t o  h ighe r  
D I PEQ 
(PLI P/l) 
RKSOR ( day- ' ) 
DIPEQ 
(Llg P/l) 
0.1 0.3 0.5 
RKSOR (day- '  1 
RKSOR ( day- '  ) 
F i g u r e  8 .  Monte C a r l o  s i m u l a t i o n  r e s u l t s  f o r  d i s t r i b u t i o n  of e q u i l i -  
b r i u m  c o n c e n t r a t i o n  ( D I P E Q )  and s o r p t i o n  r a t e  (RKSOR) 
A .  Runs w i t h  t o t a l  p h o s p h o r u s  b e h a v i o u r  ( s e r i e  1 )  
B .  Runs w i t h  t o t a l  d i s s o l v e d  and d i s s o l v e d  i n o r g a n i c  
p h o s p h o r u s  b e h a v i o u r  ( s e r i e  1 )  
C. F u l l  b e h a v i o u r  r u n s  ( s e r i e  2 )  
a l g a l  growth and ,  c o n s e q u e n t l y ,  t o  t o o  much t o t a l  P,  whereas i n  
autumn and w i n t e r  phosphorus would be removed t o o  r a p i d l y .  On t h e  
o t h e r  hand RKSOR can n o t  be  t o o  low, because  t h i s  would l e a d  t o  
i n s u f f i c i e n t  a d s o r p t i o n  i n  autumn and ,  t h u s ,  a  v i o l a t i o n  of t h e  
TDP and DIP c o n d i t i o n s .  
A second serie of 300 r u n s  was done a f t e r  m o d i f i c a t i o n  of  t h e  pa ra -  
m e t e r  r anges  r e s u l t i n g  from t h e  f i r s t  series a n a l y s i s .  The RKSOR 
r a n g e  was reduced ,  b i o g e n i c  lime c o p r e c i p i t a t i o n  t a k e n  c o n s t a n t  
because  t h e  model was i n s e n s i t i v e  t o  t h i s  pa ramete r ,  and ENOM and 
SETTV were r educed  a s  d i s c u s s e d  p r e v i o u s l y .  With t h e s e  more l i m i t e d  
pa ramete r  r a n g e s  t h e  second series of 300 r u n s  y i e l d e d  7 paramete r -  
sets  t h a t  f u l f i l l e d  the behav iour  c o n s t r a i n t  c o n d i t i o n s .  I n  F i g u r e  
8c  t h e  p o s i t i o n  of t h e s e  r u n s  i n  t h e  DIPEQ-RKSOR p l a n e  a r e  i n d i c a t e d .  
T a b l e  5 summarizes t h e  mean and range  found f o r  t h e  p a r a m e t e r s  i n -  
vo lved .  The r e s u l t s  c o n f i r m  t h a t  RKSOR must assume i n t e r m e d i a t e  
v a l u e s ,  b u t ,  a s  is s e e n  from F i g u r e  8 c  t h e r e  is a  c o r r e l a t i o n  w i t h  
T a b l e  5. Parameter  p r o p e r t i e s  b e h a v i o u r a l  r u n s  (serie 2 )  









t h e  v a l u e  of  DIPEQ. A s  e x p e c t e d  a l s o  ENOM and SETTV a r e  c o r r e l a t e d .  
A number of  seven  b e h a v i o u r a l  r u n s  is t o o  low f o r  a  p r o p e r  s t a t i s t i -  
c a l  a n a l y s i s ,  b u t  f o r  some p a r a m e t e r s  behav iour  i s  p o s s i b l e  f o r  
v e r y  s p e c i f i c  r e g i o n s  i n  parameterspaceonly,whereasothers can t a k e  
on v a r i o u s  v a l u e s  ( e .g .  RELES). The r o l e  of t h e  l o n g i t u d i n a l  ex- 
change r a t e  pa ramete r  VRET i s  n o t  c l e a r  from t h e  r e s u l t s ;  b o t h  a  
h i g h  and a  low l o n g i t u d i n a l  mixing c o u l d  produce  t h e  behav iour  
p rov ided  a  s u i t a b l e  v a l u e  f o r  t h e  o t h e r  pa ramete r s .  





In  o r d e r  t o  o b t a i n  a  v i s u a l  impression of t h e  q u a l i t y  of t he  model 
r e s u l t s  ob t a ined  from t h e  second s e r i e s  t h e  mean over t h e  seven 
behavioura l  r uns  was computed f o r  every s t a t e  v a r i a b l e  on each t ime 
i n s t a n t .  The curves  a r e  shown i n  F igure  9 t o g e t h e r  w i th  t h e  a c t u a l  
d a t a  f o r  each of t h e  b a s i n s .  Although n o t  shown i n  t h e  F igu re  t h e  
l i n e s  have t o  be seen a s  t h e  approximate c e n t r e  of a  p r o b a b i l i t y  
d e n s i t y  f u n c t i o n  r a t h e r  than d e t e r m i n i s t i c  curves .  I t  is i n t e r e s t i n g  
t o  mention t h a t  a lmost  t h e  same curves  are found when t h e  model i s  
run w i t h  t h e  average va lues  of t h e  parameters  from t h e  seven runs .  
In  o t h e r  words, t h e  average parameter set i s  a l s o  a  behavioura l  
parameter  set. 
Looking a t  t h e  curves  i n  more d e t a i l  shows t h a t  t o t a l  phosphorus i n  
summer has  a  tendancy t o  be t o o  h igh .  A run wi thout  sediment r e l e a s e  
y i e l d e d  roughly 1 0  mg p/m3 less i n  a l l  b a s i n s ,  wi thout  much e f f e c t  
on phytoplankton o r  d i s so lved  P. Apparently,  i n  t h e  s o r p t i o n  model, 
t h e r e  i s  no need t o  t a k e  r e l e a s e  from t h e  sediment i n t o  account 
s e p e r a t e l y .  On t h e  o t h e r  hand t h e  s o r p t i o n  model seems t o  be t o o  
s imple ,  because t h e  v a r i a b i l i t y  of t h e  t o t a l  phosphorus i s  much 
l a r g e r  i n  t h e  model than  i n  t h e  l ake .  I n  t h e  model d e t r i t u s  dec rease s  
r a p i d l y  a t  t h e  end of t h e  season,  even when m i n e r a l i z a t i o n  becomes 
slow due t o  t h e  low tempera tures ,  because of s e t t l i n g .  The d a t a  
sugges t s  a  b u i l t  up of p a r t i c u l a t e  d e t r i t u s  m a t e r i a l  by t h e  end of 
t h e  season which is n o t  shown i n  t h e  model. One p o s s i b i l i t y  i s  t h a t  
s e t t l i n g  of p a r t i c u l a t e  d e t r i t u s  m a t e r i a l  is  a  func t ion  of t h e  
b iogenic  l i m e  format ion ,  s o  t h a t  s e t t l i n g  is r a p i d  i n  summer and slow 
i n  w in t e r .  This  a d d i t i o n a l  hypothes i s  needs v e r i f i c a t i o n  by f u r t h e r  
model and f i e l d  exper iments .  
F i n a l l y ,  t h e  phytoplankton p a t t e r n s  need some d i s c u s s i o n .  A t  f i r s t  
s i g h t  t h e  r e s u l t s  do n o t  look very good. However, a s  po in ted  o u t  
p r ev ious ly ,  no d i r e c t  comparison wi th  ch lo rophy l l  d a t a  i s  p o s s i b l e .  
The r e s u l t s  i n d i c a t e  t h a t  g e n e r a l l y  t h e  ch lo rophy l l  t o  phosphorus 
r a t i o  is about 2 o r  somewhat h igher .  The s p r i n g  peak i n  t h e  model 
i s  s l i g h t l y  h ighe r  than  t h e  summer peak, which ag rees  w i t h  t h e  d a t a  
except  f o r  t h e  f i r s t  ba s in .  H e r e ,  most l i k e l y  t h e  dominant r o l e  of 
t h e  blue-green a l g a e ,  n o t  contained e x p l i c i t e l y  i n  t h e  model, d i s -  
t u r b e s  t h e  p i c t u r e .  I t  i s  a l s o  c l e a r  t h a t  t h e  p h y t o p l a n k t o n  l e v e l s  
between t h e  two blooms i s  h i g h e r  i n  t h e  model t h a n  i n  r e a l i t y .  An 
improvement c a n  d o u b t l e s s l y  be made on t h e  b a s i s  of  p r i m a r y  p r o d u c t i o n  
measurement r e s u l t s  f o r  1977,  main ly  th rough  m o d i f i c a t i o n  o f  t h e  a l g a l  
growth  t e m p e r a t u r e  dependancy p a r a m e t e r s .  I n  t h e  model summer 
a l g a e  growth  s t a r t s  by t h e  end o f  J u n e ,  which i s  s e v e r a l  weeks e a r l i e r  
t h a n  i n  t h e  l a k e .  I t  i s  n o t  c l e a r  why t h i s  r e t a r d a t i o n  o c c u r s ,  because  
l i g h t ,  t e m p e r a t u r e  and  phosphorus  c o n d i t i o n s  a r e  good i n  t h o s e  weeks. 
C o n c l u s i o n s  
I t  is  l i k e l y  t h a t  a  s o r p t i o n  mechanism, l e a d i n g  t o  d e s o r p t i o n  o f  
phosphorus  d u r i n g  a l g a l  growth ,  when d i s s o l v e d  i n o r g a n i c  P i s  low, 
and a s t r o n g a d s o r p t i o n  o u t s i d e  t h e  growing s e a s o n ,  o c c u r s  i n  t h e  
l a k e .  I t  i s  d e s i r a b l e  t o  r e p e a t  t h e  a n a l y s i s  f o r  1976,  a  y e a r  w i t h  
a  d i f f e r e n t  l o a d i n g  p a t t e r n  and less pronounced a l g a l  growth .  I n  
a d d i t i o n  it  i s  recommended t h a t  p r o p e r  s o r p t i o n  e x p e r i m e n t s  be  done  
w i t h  l a k e  water and l a k e  s e d i m e n t s  t o  c o n f i r m  o r  deny t h e  e x i s t e n c e  
and s i g n i f i c a n c e  o f  t h e  s o r p t i o n  p r o c e s s .  Al though sys t ems  a n a l y s i s  
by model  s t u d i e s  is v e r y  o f t e n  t h e  o n l y  way t o  u t i l i z e  t h e  i n f o r m a t i o n  
c o n t a i n e d  i n  t h e  d a t a  a t  hand,  o n l y  a d d i t i o n a l  f i e l d  i n v e s t i g a t i o n s  
c o u l d  p r o v i d e  t h e  f i n a l  answers  on r ema in ing  q u e s t i o n s .  
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APPENDIX I 
M o d e l  e q u a t i o n s  
P ~ P W  = 1 /0  + RGRW - RTDHW 
PP'PS = 1 / 0  + RGRS - RTDHS 
D E ~ P  = 110 + C R D T H  - RMNRL - RSETL 
D I P  = 1 /0  - C R G R  + RMNRL - RBIOP + RREL + CL - RSOR 
I n f l ~ w / o u t f l ~ ~ :  see F i g u r e  4 
-------------- 
Gf !?!?sh : RGR = FP * FL * FT * PMAX * PPP 
- Monod t e r m  
FP = D I P / ( P K  + D I P )  
- L i g h t  l i m i t a t i o n  ( S t e e l e ' s  e q u a t i o n  a v e r a g e d  o v e r  d e p t h  a n d  
o v e r  t h e  d a y  w i t h  t r i a n g u l a r  l i g h t  p a t t e r n )  
EPS@ = e x t i n c t i o n  o f  water  ( f o r c i n g  c o n s t a n t )  
H = d e p t h  ( c o n s t a n t )  
R  = d a y s u m  r a d i a t i o n  ( f o r c i n g  f u n c t i o n )  
L  = l e n g t h  o f  p h o t o p e r i o d  ( f o r c i n g  f u n c t i o n )  
EPS = EPSg + SELSH * PPP 
EH = EPS * H 
ROPT = ROM + ROE * T  
R@ = R / R O P T  
R H  R@ * EXP(-EH) 
F@ = ( 1  - E X P  ( - 2  * R @ / L ) ) / R @  
FH ( 1  - EXP ( - 2  * R H / L )  ) / R H  
C  = E X P ( 1 )  * L  * *  2 / 2  * EH 
FL C  * ( F @  - FH) 
- T e m p e r a t u r e  d e p e n d a n c y  
T  = t e m p e r a t u r e  
w i n t e r  a l g a e :  
CW = I (TCRITW - T )  / (TCRITW - TOPTW) I 
FTW = CW * EXP(1-CW) 
summer a l g a e  : 
C  S  = (TCRITS - T ) / ( T C R I T S  - TOPTS) i f  T  C TCRITS 
0  i f  T  > TCRITS 
FTS = CS * EXP ( 1-CS)  
M o r t a l i t y :  
--------- 
RDTH = DNOM * DTR * *  ( T  - 2 0 )  * PPP 
~ i n e r a l i z a t i o n :  
-------------- 
RMNRL = ENOM * ETR * *  ( T  - 2 0 )  * DETP 
S e t t l i n g :  
- ------ 
RSETL = SETTV * ( 1  - G A M M A )  * DETP/H 
:iog$nic,'f$"gl: 
RBIOP = BLP * RGR * D I P  
R e l e a s e  : 
------- 
RREL = RELES * SETR * *  ( T  - 2 0 ) / H  
P a r t i c u l a t e  l o a d :  
----------------- 
PPLZ = Z- i n  F i g u r e  3  
D = sge  F i g u r e  3 
RPLD = P P L Z  * D * A L F A / V  
D i s s o l v e d  l o a d s :  
--------------- 
C L  = PRL + SEWLD 
PRL = p r e c i p i t a t i o n  l o a d  ( f o r c i n g  f u n c t i o n )  
SEWLD = s e w a g e  l o a d  ( s e e  F i g u r e  3 )  
S o r p t i o n  ( i n  model I1 o n l y ) :  
-------- 
RSOR = RKSOR * (DIP - DIPEQ) 
P a r a m e t e r s  
Exchange  f l o w  v e l o c i t y  
Monod c o n s t a n t  p h o s p h a t e  
Base  e x t i n c t i o n  c o e f f i c i e n t  
S e l f s h a d i n g  
O p t i m a l  l i g h t  i n t e n s i t y  
C r i t i c a l  t e m p e r a t u r e  
O p t i m a l  t e m p e r a t u r e  
Maximum g r o w t h  r a t e  
M o r t a l i t y  r a t e  
t e m p e r a t u r e  e f f e c t  
M i n e r a l i z a t i o n  r a t e  
t e m p e r a t u r e  e f f e c t  
Ne t  s e t t l i n g  v e l o c i t y  
F r a c t i o n  d e t r i t u s  d i s s o l v e d  
B i o g .  l i m e  p r e c i p .  
R e l e a s e  f r o m  s e d i m e n t  
t e m p e r a t u r e  e f f e c t  
A v a i l a b l e  P  i n  l o a d  
S o r p t i o n  r a t e  
E q u i l i b r i u m  c o n c e n t r a t i o n  
VRET s e e  t e x t  
PK s e e  t e x t  
E P S ~  I : 3 .2  1  / m  
I1 : 2 .7  1  /m 
111: 2 . 2  1  / m  
I V  : 1 . 8  1  / m  
S  E LS H 0 . 0 1 5  m 2 / m g  P 
ROM 9 6 . 0  c a l / m 2  
ROE 9  - 6  c a l / ~  m 2  
TCRITW 10 C 
TCRITS 3 0  C 
TOPTW 8  C 
TOPTS 2  6  C 
PMAXW 2  l / d a y  
PMAXS 6  l / d a y  
DNOM 0 . 1 3  1  / d a y  
DTR s e e  t e x t  
ENOM s e e  t e x t  
ET R 1 . 1 8  
SETTV s e e  t e x t  
GAMMA 0 . 4  
BLP s e e  t e x t  
RELES s e e  t e x t  
SET R 1 . 1 8  
ALFA 0 . 1  
RKSOR s e e  t e x t  
DIPEQ s e e  t e x t  
r a t i o  o v e r  t h e  b a s i n s ,  s e e  T a b l e  2  
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